A series of dansyl-labeled glycosides with di-, tetra-, and hexasaccharides carrying the terminal N-acetyllactosamine (LacNAc) sequence were synthesized as acceptor substrates for 2,6-and 2,3-sialyltransferases. As an alternative design, dansyl-labeled LacNAc glycoside carrying a long-spacer linked glycan was engineered by replacement of the LacNAc or lactose units with an alkyl chain. In addition, we designed a dansyl-labeled bi-antennary LacNAc glycoside as an N-linked oligosaccharide mimetic, such as asialo-1 -acid glycoprotein. The kinetic parameters for the transfer reaction of synthesized dansyl-labeled glycosides by sialyltransferases were determined by the fluorescent HPLC method. The catalytic efficiencies (V max /K m ) of acceptor substrates carrying the terminal LacNAc sequence with various length glycans in the array for 2,6-and 2,3-sialyltransferases decreased in a glycan lengthdependent manner. Furthermore, of the acceptor substrates tested, dansyl-labeled bi-antennary LacNAc glycoside displayed the most favorable K m value for 2,6-and 2,3-sialyltransferases.
Sialic acids are often present in the carbohydrate moiety of mammalian glycoconjugates, such as glycoproteins and glycolipids, and are linked to the terminal position of the carbohydrate chains of the glycoconjugate. [1] [2] [3] [4] [5] Sialylated carbohydrate chains play important roles in various biological events, such as binding with CD22 (Siglec), determining the lifetime of glycoproteins in plasma and viral invasion. 2, 6) In the synthesis of sialylglycoconjugate, a family of glycosyltransferases called sialyltransferases catalyze the transfer of a sialic acid from cytidine-5 0 -monophospho-neuraminic acid (CMP-NeuAc) to galactose (Gal) or N-acetylgalactosamine (GalNAc) of the acceptor substrate. Four main linkage patterns (NeuAc2,6Gal/GalNAc, NeuAc2,3Gal, and NeuAc2,8NeuAc) are formed by specific sialyltransferases. In particular, carbohydrate structures containing NeuAc2,3/6Gal that are synthesized by 2,3/6-sialyltransferases play critical roles in avian and human influenza virus infection. [7] [8] [9] In addition, 2,6-sialyltransferase enzyme activity is specifically higher in the vast majority of human colorectal cancer specimens, as compared with surrounding normal mucosa. 4) Therefore a convenient, simple, sensitive, and quick assay method for sialyltransferase is essential.
The most sensitive assay method is one using radiolabeled sugar nucleotides, such as CMP-[U-
14 C]-sialic acid. 10) In this method, the amount of sugar transferred to the acceptor is determined by scintillation counting. Although the method is very sensitive, there are a number of problems associated with it, including the high cost of radiolabeled donor substrate and environmental considerations. Some researchers have reported a fluorescent labeled acceptor used to assay several enzymes, including sialyltransferases. [11] [12] [13] [14] [15] [16] [17] However, although fluorometric assay methods are highly sensitive, they pose several problems. For example, fluorescent substrates sometimes display low solubility 14, 17) and poor substrate recognition for the target enzyme. Furthermore, the synthetic procedures used to generate these substrates generally require multi-step pathways. 11) Indeed, thus far, the use of fluorescent-labeled glycans as acceptors has been limited to small carbohydrate units containing only mono-or disaccharides. 11, [15] [16] [17] Here, we chemoenzymatically synthesized a series of highly water-soluble affinity dansyl labeled acceptor substrates carrying glycans and spacers of different types for 2,6-and 2,3-sialyltransferases respectively. Using these acceptor substrates, reactivity toward sialyltransferases was evaluated.
Results and Discussion
Convenient synthetic route of dansyl-labeled acceptor substrates on sialyltransferases Synthesis of oligosaccharide glycosides carrying the terminal LacNAc sequence
We recently reported that a condensation reaction between LacNAc or lactose and various spacers, such as trifluoroacetamidoalkanol, can be catalyzed by cellulase from Trichoderma reesei to obtain 5-trifluoroacetamidopentyl -LacNAc (1), 2-(2-trifluoroacetamidoethoxy)ethyl -LacNAc (2), and 2-(2-trifluoroaceta-midoethoxy)ethyl -lactoside (3). 9, 18) This enzymatic catalysis was harnessed for the synthesis of spacerlinked LacNAc and lactose glycosides. The efficiency of the reaction is not always high, but the method has two advantages: first, the excess of unreacted LacNAc substrate, which is valuable, is recovered by straightforward column chromatography and can be reutilized for synthesis; and secondly, the O-glycosylation process stereospecifically gives only the -glycoside without the need of any protection or deprotection steps.
Oligosaccharide glycosides carrying the terminal LacNAc sequence were derived from the resulting products (Scheme 1). Thus consecutive addition of 1,3 linked GlcNAc and 1,4 linked Gal to the respective 2 and 3 acceptors led to the synthesis of tetrasaccharide glycosides 4 and 5 carrying lacto-Nneotetraose (LNnT) and tandem LacNAc repeats respectively, by the use of 1,3-N-acetylglucosaminyltransferase II (3GnTII) and 1,4-galactosyltransferase I (4GalTI). GlcNAc and Gal residues can then be added to the resulting glycoside 4 in a similar way to form hexasaccharide glycoside 6 carrying triplet LacNAc repeats. The target products 4-6 were obtained in high yields of 64-81%, based on the acceptors.
Synthesis of more spacer-elongated LacNAc glycosides As an alternative design, the resulting LacNAc glycoside was converted to a long spacer-linked LacNAc glycoside with tandem alkylamido repeats by the following coupling reaction: The aglycon trifluoroacetamido group of compound 2 was deacylated to 2-(2-aminoethoxy)ethyl -LacNAc by hydrolysis in an alkaline solution, as described earlier. 9, 19) The resulting amino function was coupled to 6-trifluoroacetamidohexanoic acid with DIEA and HBTU in DMSO to produce 7 with a long spacer in the aglycon moiety (Scheme 2). The long spacer-linked LacNAc glycoside 7 was easily purified on a silica gel column with a yield of 81% based on the corresponding glycoside.
Synthesis of bi-antennary LacNAc glycoside 2,3/6-Sialyltransferases from rat liver were found to utilize -galactoside acceptors containing the Gal1,3/4GlcNAc or the Gal1,4GlcNAc sequences, yielding the NeuAc2,3Gal1,3/4GlcNAc or NeuAc2,6Gal1,4GlcNAc sequences that often terminate complex N-linked oligosaccharides. 20, 21) Therefore, bi-and triantennary N-linked glycoconjugates such as asialoagalacto prothrombin and asialo-1 -acid glycoprotein are favorable acceptor substrates. 21) Although obtention of large quantities of pure N-linked oligosaccharides for commercial uses relies on synthesis, it generally requires multi-step pathways such as regionand stereoselective glycosylations. Hence we designed a bi-antennary LacNAc glycoside as an N-linked oligosaccharide mimetic (Scheme 3).
First, the amino function of 3-aminopropyl--LacNAc (8) was coupled to 2-trifluoroacetamidobutanedioic acid with HBTU and DIEA in DMSO to produce 9 with bi-antennary saccharides in the glycon. Next, the aglycon trifluoroacetamido group of 9 was deacylated, followed by coupling to 6-trifluoroacetamidohexanoic acid. The resulting product 10 was purified on a silica gel and ODS column, with an overall yield of 65%. The structure of the synthesized bi-antennary LacNAc glycoside 10 was confirmed by 1 H and 13 C NMR analysis. In the 1 H NMR spectra of 10, two types of glycosidic proton signals were clearly observed in the lower field with larger coupling constants ( 4.52, J 1;2 8.0 Hz, H-1 and 4.48, J 1 0 ;2 0 8.0 Hz, H-1 0 ). In the 13 C NMR spectra, two types of glycosidic signals were also observed in the lower field ( 105.7, C-1 0 and 103.9, C-1). The spectra showed only the separated and overlapping resonances corresponding to the respective sugar moieties. The simplicity of the spectra suggests that these two sugar moieties can be superimposed. HR-ESI-MS analysis of 10 showed a molecular ion at m=z 1209.47535, arising from the ½M þ Na þ ion. These findings indicate that the resulting bi-antennary glycoside consists exclusively of stereoregular sugars with divalent units.
Synthesis of dansyl-labeled glycosides
The resulting glycosides, 1-7 and 10, were similarly deacylated to the corresponding amino group by alkali treatment, as above (Schemes 1-3) .
The resulting amino function was coupled to dansyl chloride in 65% acetone to produce dansyl-labeled glycoside derivatives (11) (12) (13) (14) (15) (16) (17) (18) . Compounds 11-18 were easily purified with an ODS column, in yields of 67-81% based on the corresponding glycosides. Fluorescent labeled substrates are known to be only slightly soluble in buffer solution. 14, 17) Dansyl-labeled glycosides with a spacer structure containing an ether group, such as compounds 12-17, have extremely high solubility (>100 mM) in aqueous solution as compared with an alkyl spacer, such as compound 11 (>8 mM). Using the resulting dansyl-labeled acceptor substrates, reactivity 2,6-and 2,3-sialyltransferases was evaluated toward.
Kinetic parameters toward rat recombinant 2,3/6-sialyltransferases Kinetic parameters were determined under standard assay conditions, as described in ''Experimental.'' The concentration of CMP--Neu5Ac was fixed (10 mM), and the acceptor concentration varied about the K m . The incubation time for each reaction was chosen so that the amount of acceptor consumed did not exceed 15%. The Michaelis-Menten kinetics of various acceptor substrates toward two sialyltransferases are summarized in Tables 1 and 2 . In the case of 2,6-sialyltransferase, the enzyme acted preferentially on LacNAc glycoside 12 over Lac glycoside 13. Thus the V max /K m value of 12 was 59-fold higher than that of 13. The V max /K m values of the acceptor substrates carrying a terminal LacNAc sequence with different glycans in the array decreased in a glycan length-dependent manner. Compound 12, carrying a single LacNAc, showed about 7.1-fold higher V max /K m values than 16, carrying triplet LacNAc repeats. In contrast, the V max /K m values of acceptor substrates with different spacers, such as 12 and 17, in the array were unaffected by replacement with an alkylamido group, but non-spacer linked LacNAc glycosides, such as LacNAc--pNP, gave V max /K m values 7.7-fold less than that of spacer linked LacNAc glycoside 12. This study indicates that the insertion of a spacer structure, such as 2-(2-aminoethoxy)ethyl, results in high affinity. This is in good agreement with the experimental data of Kajiwara et al. 16) This phenomenon might be an effect of steric hindrance between the enzyme and the aglycon moiety of the acceptor substrate. Compound 18 carrying a bi-antennary LacNAc showed the most favorable K m value (0.24 mM) among the acceptor substrates tested, but the V max value of bi-antennary LacNAc glycoside 18 was 3.1-fold less than that of mono-antennary LacNAc glycoside 12. In the case of 2,3-sialyltransferase, and that of 2,6-sialyltransferase, the V max /K m value decreased in a glycan length-dependent manner. Compound 12, carrying a single LacNAc, showed a 4.5-fold higher V max /K m value than 16, carrying triplet LacNAc repeats. The best acceptor substrate was compound 18, carrying a bi-antennary LacNAc (K m ¼ 0:64 mM). The acceptor showed a 2-fold higher V max /K m value than mono-antennary LacNAc glycoside 12. Collectively, bi-antennary N-linked oligosaccharide mimetic 18 displayed the most favorable K m values for 2,6-and 2,3-sialyltransferases.
In summary, we have developed a convenient chemoenzymatic method for the synthesis of various dansyllabeled glycosides and have evaluated their acceptor properties. We found that the glycoside derivatives were very soluble in aqueous solution and displayed high affinity toward both 2,6-and 2,3-sialyltransferases. These new compounds should be valuable probes for sialyltransferase assay.
Experimental
General methods. Compounds 1-8, rat recombinant 2,6-sialyltransfarese and 3GnTII, were prepared by previously reported methods. 9, 19, 22, 23) Bovine milk 4GalTI and 2,3-sialyltransferase (rat recombinant, Spodoptera frugiperda) were purchased from Calbiochem-Novabiochem (San Diego, CA). All other reagents, from commercial suppliers, were of the highest available quality, and were used without further purification.
Analytical methods. ESI-MS spectra were measured on a JMS-T100LC mass spectrometer (Jeol, Tokyo).
1 H NMR spectra were recorded on a JEOL lambda-500 spectrometer at 500 MHz, while 13 C NMR spectra were recorded on the same instrument at 125 MHz. Chemical shifts are expressed in relative to sodium 3-(trimethylsilyl) propionate as external standard. The amount of protein was determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories, CA). Synthesis of various dansyl-labeled glycan/spacer glycosides. 5-(5 0 -Dimetylaminonaphthalene-1 0 -sulfonylamino)pentyl--LacNAc (11). 5-Aminopentyl--LacNAc was synthesized from 1 by alkaline hydrolysis by a previously reported method. 9, 19) The resulting compound (50 mg, 0.11 mmol) and Na 2 CO 3 (59 mg, 0.20 mmol) were dissolved in 65% acetone (33 ml). Dansyl chloride (29 mg, 0.11 mmol) was added to the solution with continuous stirring at room temperature for 4 h. The reaction was neutralized with 1 M HCl and concentrated to a syrup before dissolving in 1.0 ml of 30% acetonitrile and loading onto an ODS column (2:0 Â 50 cm). The column was developed with the same solvent at a flow rate of 2.5 ml/min and a fraction size of 27 ml/tube. Fractions 100-124 were pooled and concentrated: Compound 11 was obtained in a total yield of 73% (54 mg 2-[5 0 -Dimethylaminonaphthalene-1 0 -sulfonyl-(2-aminoethoxy)]ethyl--lactoside (13). 2-(2-Aminoethoxy)ethyl--lactoside was synthesized from 3 by alkaline hydrolysis. The resulting compound (120 mg, 0.28 mmol) and Na 2 CO 3 (59 mg, 0.56 mmol) were dissolved in 65% acetone (33 ml). Dansyl chloride (76 mg, 0.28 mmol) was added to the solution with continuous stirring at room temperature for 4 h. and Na 2 CO 3 (7.8 mg, 0.074 mmol) were dissolved in 65% acetone (6.7 ml 00000 ), 71.1 (C-4 0 , C-4 000 ), 63.8 (C-6 0 , C-6 000 , C-6 00000 ), 62.8 (C-6), 62.7 (C-6 00 , C-6 0000 ), 58.0 (C-2 00 , C-2 0000 ), 57.8 (C-2), 47.8 ( (CH 3 ) 2 N-) , 45.0 (C-), 25.0 (CH 3 CONH-, CH 3 CONH-00 , CH 3 CONH-0000 ).
2-{5
00 -Dimethylaminonaphthalene-1 00 -sulfonyl-[2-(5 0 -aminopentanecarboxamidoethoxy)]}ethyl--LacNAc (17). 2-[2-(5 0 -Aminopentanecarboxamidoethoxy)]ethyl--LacNAc was synthesized from 7 by alkaline hydrolysis. The resulting compound (25 mg, 0.031 mmol) and Na 2 CO 3 (6.6 mg, 0.062 mmol) were dissolved in 65% acetone (7.5 ml). Dansyl chloride (14 mg, 0.052 mmol) was added to the solution with continuous stirring at room temperature for 1 h. Compound 17 was obtained in a total yield of 67% (23 mg (10) . Bis-3-(2 0 -aminosuccinamide)-propyl--LacNAc was synthesized from 9 by alkaline hydrolysis. Bis-3-(2 0 -aminosuccinamide)propyl--LacNAc was obtained in a total yield of 91% (83 mg). Next, 6-trifluoroacetamidohexanoic acid (42 mg, 0.18 mmol), HBTU (47 mg, 0.12 mmol), and DIEA (129 ml, 0.62 mmol) were dissolved in DMSO (0.8 ml). Bis-3-(2-aminosuccinamide)propyl--LacNAc (120 mg, 0.12 mmol) was added to the solution with continuous stirring at room temperature for 3 h. The reaction mixture was then loaded onto a Silica Gel 60N column (2:0 Â 50 cm). The column was developed with CHCl 3 /CH 3 OH/H 2 O = 5.5/4.5/1 at a flow rate of 10 ml/min and a fraction size of 25 ml/tube. An aliquot from fractions 30-42 was then concentrated and dissolved in 1.0 ml of H 2 O and loaded onto a Sep-pak C-18 (2:5 Â 5:5 cm) developed with the same solvent. The column was washed with H 2 O (50 ml), and then eluted with 10% MeOH (360 ml). Estimation of K m and V max values using various acceptor substrates. CMP--Neu5Ac (10 mM), acceptor substrates (11, 12, (14) (15) (16) (17) (18) , and LacNAc--pNP: 0.16-5.0 mM; 13: 1.3-40 mM), MnCl 2 (2.5 mM), BSA (20 mg) were dissolved in 50 mM MOPS buffer (10 ml, pH 7.4) followed by 4.0 ml (1.3 mU by a previously reported method 22) ) of 2,3-or 2,6-sialyltransferases solution (total volume 20 ml). The reaction was then initiated by the addition of 2,3-or 2,6-sialyltransferase. At each sample time, 4 ml of the reaction mixture was added to 96 ml of H 2 O, and then the enzyme reaction was quenched by boiling at 100 C for 5 min. After filtration through a 0.45-mm nitrocellulose filter (Millipore, Bedford, MA), the filtrates were analyzed by HPLC using a TSK-gel ODS 80TsQA (4:6 Â 250 mm, Tosoh, Tokyo) column and eluted with 35% acetonitrile (11) (12) (13) (14) (15) (16) (17) , 15% MeOH containing 0.075% TFA (LacNAc--pNP), or stepwise addition of 15%-35% acetonitrile (15%, 0-10 min; 35%, 10-25 min; 18). We used a Jasco LC-2000 plus HPLC system (Jeol, Tokyo) equipped with an FP-2020 plus fluorescence detector (excitation, 330 nm; emission, 520 nm; Jeol). HPLC was operated isocratically at a flow rate of 1.0 ml/min and a column temperature of 40 C. The K m and V max values were estimated by Hones-Woolf plot (s/v versus s).
